Augmenting the Standard Model by three right-handed neutrinos allows for an anomaly-free gauge group extension Gmax = U (1)B−L × U (1)L e −Lµ × U (1)L µ −Lτ . While simple U (1) subgroups of Gmax have already been discussed in the context of approximate flavor symmetries, we show how two-zero textures in the right-handed neutrino Majorana mass matrix can be enforced by the flavor symmetry, which is spontaneously broken very economically by singlet scalars. These zeros lead to two vanishing minors in the low-energy neutrino mass matrix after the seesaw mechanism. This study may provide a new testing ground for a zero-texture approach: the different classes of two-zero textures with almost identical neutrino oscillation phenomenology can in principle be distinguished by their different Z ′ interactions at colliders.
I. INTRODUCTION
In spite of many phenomenological successes, the Standard Model of particle physics (SM) shows various problems that make an extension desireable. One of the problems is the lack of a guidance principle governing the flavor structure of fermions: the SM gauge symmetries are incapable to explain the observed mixing patterns and mass spectra of the quarks and leptons. In order to remedy this incompleteness, global family symmetries are often introduced in the literature, usually discrete instead of continuous. Another popular ansatz is to extend the gauge sector to include a new gauge quantum number which distinguishes the three families of fermions. Family nonuniversally interacting new U (1) gauge symmetries are extensively studied in Refs. [1] with a focus on flavor changing neutral current (FCNC) processes mediated by the new gauge boson. In this letter, we will instead focus on the flavor structure of neutrinos in the framework of the type-I seesaw mechanism [2] . We will first classify possible anomaly-free U (1) gauge symmetries and then show that such U (1) gauge symmetries result in diagonal Dirac mass matrices and texture zeros in the right-handed Majorana neutrino mass matrix, which in turn give vanishing minors in the low-energy neutrino mass matrix [3] [4] [5] [6] . We find that all of the phenomenologically consistent seven patterns of two vanishing minors can naturally be obtained in the presence of one or two SM gauge singlet scalars, while the occurring gauge boson Z ′ provides a handle to distinguish the different patterns outside of the neutrino sector.
The symmetry realization of texture zeros is well studied in Refs. [7] , see also Refs. [3] [4] [5] [6] , by means of discrete Z N symmetries. However, it is not completely clear that discrete global symmetries would survive gravitational effects such as wormholes [8] , and moreover the spontaneous breaking of discrete symmetries may suffer from the domain wall problem [9] . In this sense, it might be more convincing to adopt gauge symmetries instead of discrete ones. Furthermore, the new U (1) gauge bosons can be expected to have some impacts on the LHC phenomenology and therefore provide better testability.
The remainder of this letter is organized as follows. We discuss the extension of the SM by the abelian gauge group G max = U (1) B−L × U (1) Le−Lµ × U (1) Lµ−Lτ in Sec. II. Taking simple U (1) subgroups of G max , we show how to construct texture zeros in the Majorana mass matrix of the right-handed neutrinos in Sec. III, which lead to vanishing minors in the low-energy neutrino mass matrix. Our findings are concluded and summarized in Sec. IV. The notation for texture zeros and minors is given in App. A. App. B lists all flavor symmetries that result in valid two-zero textures with the addition of two or three SM singlet scalars. 
II. MAXIMAL ABELIAN GAUGE GROUP
We extend the SM by introducing a new U (1) gauge symmetry, whose charge is denoted by Y ′ , and three right-handed Majorana neutrinos N R to implement the type-I seesaw mechanism. The Y ′ assignments for the quarks are assumed to be family universal to avoid dangerous FCNCs in the quark sector, while those for the leptons are family non-
for each family. We keep the SM Higgs neutral under the new U (1) gauge symmetry.
The cubic and gravitational anomalies of the new U (1) gauge symmetry vanish automatically due to the vectorlike structure of the assigned fermion charges in the presence of the three righthanded neutrinos. This leaves the possible anomalies with the SM gauge group, the representations of which are given in Tab. I, leading to the sole condition
If Y ′ (q L ) is non-zero, this condition leads to a B − α x α L α gauge symmetry with the constraint α x α = 3 [10] , where B and L α=e,µ,τ denote baryon and lepton-flavor numbers, respectively. The case of family universal charges gives the well-known
′ (q L ) = 0 leads to a purely leptonic symmetry α y α L α with α y α = 0, which has been discussed briefly in Ref. [11] . As a special case, y e = 0, y µ = 0 or y τ = 0 correspond to a gauged lepton-number difference L α − L β . These are actually anomaly-free within the SM [12] , i.e. without right-handed neutrinos, and have been discussed extensively in the literature [12, 13] .
While the extension of the SM gauge group by a single new U (1) gauge symmetry satisfying Eq. (1) has been discussed before, it has to our knowledge never been emphasized that every such U (1) can be viewed as a subgroup of
, which is also free of anomalies. Since each factor on its own satisfies Eq. (1), only the cross terms could be problematic. We show the purely leptonic part
and the anomalies involving B − L:
where the last two relations follow from the universality of Y and B − L [14] . This means that the maximal anomaly-free abelian gauge group of the SM+3 N R is given by
where we chose a specific direction in group space. Let us make two comments about the obtained result.
• First note that even though we can formally consider
and show that it is anomaly-free for x α = 3 and
show that the generators of the five new abelian groups are not independent and only two of the lepton-number differences can be gauged.
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• Second, there is a more elegant way to derive the vanishing anomalies. By taking another basis for the flavor-dependent part of G max (acting on flavor space), namely
we see that these two generators form the Cartan subalgebra of a rank-2 SU (3) ℓ . Putting the leptons in the representations
immediately shows that they form a real reducible representation of SU (3) ℓ , so the anomaly SU (3) ℓ -SU (3) ℓ -SU (3) ℓ vanishes, in direct analogy to the quarks in SU (3) C . Anomalies with other nonabelian group factors vanish trivially, so the only possible anomalies are
ℓ is anomaly-free. Since the SU (3) ℓ is badly broken by the Yukawa couplings in the charged lepton sector, we will not use it in the following.
To partially summarize: we have shown that with three right-handed neutrinos, the group
is free of anomalies. Every subgroup of G max is of course automatically anomaly-free, i.e. satisfies Eq. (1), and many of them have already been discussed in the literature. The exact symmetry G max forbids the Majorana mass terms of the right-handed neutrinos, so they have to be induced by breaking the group with SM singlet scalars similar to the usual B − L models. 2 A discussion of the full breakdown G max → nothing-and its connection to neutrino mass and mixing-lies outside the realm of this letter, as it involves many parameters and new scalars. Instead, we focus on an effective model of a possible last step of the breakdown G max → U (1) ′ , i.e. we consider only a U (1) 1 Stated in another way: One of the gauge bosons of U (1) Le −Lµ × U (1) Lµ−Lτ × U (1) Lτ −Le can be rotated away, i.e. made non-interacting, so it suffices to consider U (1) Le−Lµ × U (1) Lµ −Lτ (with kinetic mixing). The same argument holds for the other linear combinations. 2 To illustrate this point: the coupling S N c 1 N 1 is allowed if the complex scalar S carries the charge (+2, −2, 0) under
2 N 3 the charge assignment is (+2, +1, 0). In both cases the Lµ − Lτ symmetry remains unbroken after S acquires a vacuum expectation value.
subgroup of G max . This has the advantage of a simple scalar sector with tree-level couplings to the right-handed neutrinos.
The question then arises which subgroup of G max should be chosen. As far as approximate flavor symmetries in the neutrino mass matrix go, three interesting cases have been identified already in Ref. [15] , namely L e symmetry for normal mass ordering, L e − L µ − L τ for inverted mass ordering and L µ − L τ for quasi-degenerate neutrinos. The first two can be promoted to a local symmetry with the help of the baryon number, i.e. by considering U (1) B−3Le and U (1) B+3(Le−Lµ−Lτ ) [16] , while the last one has long been used before [13] . The motivation behind these symmetries is the possible approximate flavor symmetry in the neutrino mass matrix, i.e. the symmetry violating entries in M ν can be significantly smaller than the symmetry preserving entries. While this can provide a motivation for neutrino hierarchies and the rough pattern of the mixing angles, the spontaneously broken symmetries usually do not lead to testable relations among the neutrino mixing parameters.
Here we will take a different approach and discuss flavor symmetries U (1) ⊂ G max that generate texture zeros or vanishing minors in the neutrino mass matrices after breaking the gauge symmetry spontaneously by only a few scalars. Two independent zeros (or vanishing minors) in the active neutrino mass matrix imply four constraints on the nine low-energy parameters (m 1 , m 2 , m 3 ), (θ 23 , θ 12 , θ 13 ) and (δ, α, β) (CP violating phases), making them in principle distinguishable with future data. Our approach not only provides new testing ground for flavor symmetries, but also allows to check for the flavor symmetry behind the texture zeros at the LHC.
III. TWO VANISHING MINORS IN THE NEUTRINO MASS MATRIX
After integrating out the heavy right-handed neutrinos, we obtain the low-energy neutrino mass matrix
where m D and M R are the Dirac and right-handed Majorana neutrino mass matrices, respectively. Because we are considering family non-universal U (1) gauge symmetries, m D and the charged lepton mass matrix are forced to be diagonal, 3 i.e. m D = diag(a, b, c), while usually several elements of M R are forbidden by the flavor symmetry. Some elements of M R may be induced by introducing SM gauge singlet scalars with suitable U (1) charges and non-zero vacuum expectation values (VEVs), but the other elements may remain vanishing. Thus, we can discuss texture zeros in M R , which give rise to vanishing minors in M ν . As far as looking for vanishing minors in M ν is concerned, the values of a, b, c in m D are irrelevant to the matter, so we can simply set a = b = c = 1. We will comment on this choice at the end of this section.
The analysis of texture zeros in M ν has been recently performed in Ref. [6] , with the result that seven patterns of M ν with two independent zeros, that is A (19) respectively, while the other patterns B ν 1 , B ν 2 and C ν do not lead to texture zeros in M R . Correspondingly, there might be additional allowed zeros in M R that do not give zeros in M ν and are therefore invisible in the analysis of Ref. [6] . Using the current values for the mixing angles and mass-squared differences from Ref. [18] , we checked that the following three patterns of
are also allowed at the 3σ level. Consequently, we have seven allowed two-zero textures in M R in analogy to M ν . For convenience we list the allowed two-zero textures in M ν and M R in terms of the notation defined in App. A:
Notice that the same conclusion for M R was reached in Refs. [3] with old data, and B were closely discussed recently in Ref. [4] . Using the recent Daya Bay result [19] for the reactor angle sin 2 2θ 13 = 0.092 ± 0.017 we can show that all the above patterns in M R (Eqs. (19) and (20) 10 6 ) out of 10 9 random matrices were compatible with data, C R gave O( 10 4 ) valid matrices and the B i patterns O(10 2 ). 4 A more detailed analysis of fine-tuning in M ν texture zeros was recently performed in Ref. [20] , where the least fine-tuned patterns were identified as A ν i (which is our D R j ). Since the M R textures of Eq. (20) do not lead to texture zeros in M ν , they were not considered in the analysis of Ref. [20] . However, the counting of valid random matrices suggests a similar conclusion, i.e. the patterns B 
A. Realization via Continuous Flavor Symmetries
We will not discuss the implications of the texture zeros on the neutrino mixing parameters any further, see e.g. Refs. [3] for dedicated detailed analyses. In the following we will rather show that all of the allowed patterns for M R can be derived by family non-universal U (1) gauge symmetriesdiscussed in Sec. II-with at most two new SM singlet scalars. To make the connection between texture zeros and symmetries, we list the charge-matrices of
We note that the family non-universality requires y e = y µ , y e = −2y µ , y µ = −2y e , x e = x µ , x e = 3 − 2x µ and x µ = 3 − 2x e . Imposing an exact L α − L β symmetry, for instance, results in 4 zeros and two independent symmetry conserving entries (with scale M Lα−L β ). A scalar with L α − L β charge ±1 or ±2 will fill two of those zeros after acquiring a VEV. Matching this to 4 The exact numbers (#NH, #IH) of valid matrices for 10 9 random tries were: (2.9 × 10 6 , 0) for D Eq. (19) and Eq. (20) shows that only the L µ − L τ symmetry with a scalar S whose charge is ±1 can lead to a valid pattern (C R ):
Symmetry generator Y
The remaining zeros in this case will be filled by effective operators S 2 N c i N j /Λ, suppressed by a new physics scale Λ. In order for us to talk about texture "zeros", we need Λ ≫ M Lµ−Lτ , S . Furthermore, the charged lepton mass matrix will also receive off-diagonal elements suppressed by Λ n , which introduces a contribution U ℓ to the lepton mixing matrix U PMNS = U † ℓ U ν . Correspondingly, the predictivity of the texture zero approach goes down the drain if we allow for a low Λ, but the perturbations could of course be used to alleviate any tension between the predicted and observed values. Since all the U (1) models we employ in this paper are anomaly-free, our models are renormalizable and thus can be valid up to the Planck scale (assuming this is where quantum gravity takes over). In the following, we will therefore always assume these higher dimensional operators to be sufficiently suppressed.
Back to the possible flavor symmetries that give two vanishing minors in M ν . In the case of y e = 0, y µ = 0 and y e = −y µ , we need at least three SM singlet scalars in order to construct the allowed patterns of two-zero textures. This is of course not particularly exciting, so we only display them in App. B.
Going to the B − x e L e − x µ L µ − (3 − x e − x µ )L τ symmetry allows for a lot more patterns; there are many assignments for x e and x µ that give one or even no zeros and can therefore easily produce consistent phenomenology (see Ref. [21] for implications of just one vanishing minor in M ν ). There are also assignments that lead to valid two-zero textures with just one scalar, a complete list is shown in Tab. II. We see that only the patterns D 
as determined by the anomalous magnetic moment of the muon [13] or LEP-II measurements [22] .
If we extend the scalar sector by two SM singlet scalars instead of just one, we can construct the remaining two valid patterns of M R listed in Eq. (20), by using for example B − L e − 5L µ + 3L τ for B R 2 and B − L e + 3L µ − 5L τ for B R 1 , respectively. In both cases we need scalars with charge |Y ′ (S 1 )| = 2 and |Y ′ (S 2 )| = 10. Since there is no unique symmetry behind the patterns B R 1,2 , we will not discuss them any further. App. B provides a complete list of the B − x e L e − x µ L µ − (3 − x e − x µ )L τ charge assignments that yield the allowed two-zero textures in M R with two scalars. Some of the solutions do not allow for flavor symmetric mass terms, which means there are only the two breaking scales S 1 and S 2 that determine M R .
Having shown that we can construct two-zero patterns via various broken flavor symmetries, we will now briefly comment on the involved scales. The allowed two-zero textures of M −1 ν typically have non-vanishing entries of similar magnitude, which means that the symmetry breaking scales need to be comparable to the flavor symmetric mass terms, i.e. S ∼ M R . To illustrate this point, we present a particularly fascinating solution with non-vanishing elements of similar order:
This mass matrix leads to normal hierarchy and the mixing parameters take the form
which are valid at 2σ. It should be clear that the overall seesaw-scale is free in our models, as a change in M 0 can be compensated by a change in m D . Thus, the predicted scaling S ∼ M R can sit anywhere from 10 15 GeV to 1 TeV, the latter being obviously more interesting for collider phenomenology.
While there is no hierarchy in M ν in the case of two-zero textures, some hierarchy among the M R entries is present if the elements of m D , i.e. a, b and c, are hierarchical. Taking for example our model for
we find numerically the following typical hierarchy among the nonzero elements:
Here and in the following, M ij denotes an M R entry allowed by the imposed flavor symmetry and S ij = λ ij S a symmetry breaking entry. The hierarchy is very mild, but we can easily make
the ratio of largest to smallest nonvanishing entry being ∼ 15. Here we can not make M ij ≫ S ij , but are drawn to the scaling M ij ∼ S ij (similar for B R 4 ). The same can be said for case C R (L µ − L τ ), with the typical relations
However, for C R there are also solutions that naturally suggest M ij > S ij . The examples above show that the hierarchy among the m D entries reflects the hierarchy among the M R entries. Similar analyses can be performed for the other patters, but the analysis will not change the conclusion that the M R patterns given in Eq. (21) are consistent with the most recent data within one standard deviation.
B. Realization via Discrete Flavor Symmetries
Exploiting the discrete subgroups of gauge symmetries, i.e. discrete gauge symmetries [23] , is yet another way to evade the quantum gravitational breaking of discrete symmetries [24] . Hence, it may be interesting to explore discrete subgroups of the discussed U (1) gauge symmetries and see whether or not they are useful to derive the allowed two-zero textures. Taking the B−L e +L µ −3L τ symmetry as an example, we find that its Z 5 subgroup with a scalar with charge 3 leads to the same phenomenology as the overlying U (1). Similar discussions hold for the other symmetries that work with just one scalar. Something new happens however for the two patterns that need two scalars. For instance, the charge matrices of the B − L e − 5L µ + 3L τ symmetry and its Z 5 subgroup are given by
respectively, and we see that instead of two scalars with |Y ′ (S 1 )| = 10 and |Y ′ (S 2 )| = 2 for the U (1) case, we only need one scalar with charge 2 in the Z 5 case to obtain the same pattern B R 2 . Notice that the family non-universality is preserved even for the Z 5 case, and thus the Dirac mass matrices remain diagonal. In that sense, we can conclude that all allowed two-zero textures in M R can be obtained from a U (1) gauge symmetry, be it continuous or discrete, with just one additional complex scalar.
C. Collider Opportunities
The LHC phenomenology of the B − α x α L α gauge boson Z ′ is similar to that of the B − L gauge boson, so we will not discuss it here. We do however note that the LHC has the potential to differentiate between the different classes of two-zero textures in our model. The reason for the naming scheme of the two-zero textures in App. A is the similar phenomenology at neutrino oscillation experiments; for example, the patterns A ν 1 and A ν 2 lead to almost identical predictions for the oscillation parameters and are therefore very hard to distinguish using only oscillation data. In our framework, however, these patterns are imposed by the gauge symmetries B + L e − L µ − 3L τ and B + L e − 3L µ − L τ , respectively, which are much easier to separate. One just needs to look at the flavor ratios of the final state Z ′ → ℓℓ to verify or exclude the different B − α x α L α models. Indirect effects due to Z-Z ′ mixing [25] can of course also be present, but are beyond the scope of this letter. The mixing of the full group G SM × G max , e.g. kinetic mixing of the hypercharge with G max and the resulting Z-Z ′ -Z ′′ -Z ′′′ mixing, can be discussed in analogy to Ref. [14] .
IV. CONCLUSION
The maximal anomaly-free abelian gauge group extension within the SM particle content, universal quark charges and allowed mass terms for the fermions is given by U (1) Lα−L β , as determined long time ago. The introduction of three right-handed neutrinos with appropriate lepton-numbers significantly enlarges this group to
where we choose one specific basis in group space. Lepton mixing is induced by the spontaneous breakdown of G max , the details of which give rise to numerous phenomenologically valid, inequivalent models. Besides the usual approximate flavor-symmetries like L µ − L τ in the active neutrino mass matrix, we have shown that texture zeros and vanishing minors might also originate from G max . We presented numerous examples of anomaly-free gauge symmetries that lead to two-zero textures in M R and therefore to testable predictions for neutrino oscillation parameters. We showed that all allowed patterns of 2, 3, 4 , C R ) can be implemented by a family non-universal U (1) gauge symmetry with at most two new scalars, making these models very simple and possibly distinguishable at collider experiments. Using instead the discrete gauge subgroups Z N of the U (1) groups reduces the number of necessary new scalars to one. As a side product, we also see that four of the seven allowed two-zero textures of M ν can have this origin (including the "least fine-tuned" patterns A ν i ). The remaining three two-zero textures of M ν , namely C ν , B ν 1 and B ν 2 , can not be explained in this simple framework. The texture-zero approach of this letter gives rise to previously undiscussed flavor symmetries that might also be interesting in the context of baryo/leptogenesis. For convenience we list the two-zero texture patterns of symmetric matrices in their common notation [5] :
Pattern of
C :
and
In all cases, the symbol × denotes a non-vanishing entry. In some cases, the texture zeros propagate to the inverse matrix, we list all such patterns in Tab. III. In any case, two-zero textures of M lead to two vanishing minors in M −1 . We define the minor (i, j) of an n × n matrix A as the determinant of the (n − 1) × (n − 1) matrix obtained from A by removing the i-th row and j-th column. This is a useful convention, because now the texture zeros M ij = 0 = M nm result in the vanishing minors (i, j) and (n, m) of M −1 . We can therefore classify vanishing minors in M ν as texture zeros in M −1 ν and vice versa. Two-zero texture patterns P i in M ν (M R ) will be denoted with an index ν (R), i.e. as P In this appendix we present an exhaustive list of U (1) flavor symmetries that lead to valid twozero textures in M R with the addition of two SM singlet scalars (Tab. IV). All of them are of the type B − x e L e − x µ L µ − (3 − x e − x µ )L τ , because y e L e + y µ L µ − (y e + y µ )L τ requires at least three scalars (complete list in Tab. V). As can be seen in Tab. IV, all patterns that already work with just one scalar (Tab. II) have infinitely many realizations once another scalar is introduced. Since the patterns D 
L e − 3L µ + 2L τ 1, 2, 4 2L e − 3L µ + L τ 1, 2, 4
Table V: Y ′ = yeLe + yµLµ − (ye + yµ)Lτ charge assignments that lead to the allowed two-zero textures in the right-handed Majorana neutrino mass matrix MR with three SM gauge singlet scalars.
